African swine fever (ASF) is caused by a DNA virus that targets cells of the mononuclear phagocyte system (MPS). 5,6,9 ASF virus (ASFV) antigens have been detected in tissue sections using purified polyclonal sera from hyperimmune pigs by immunofluorescence 9 or immunoperoxidase 2-4,7 techniques. These investigations have been performed to study the pathogenesis of the disease. In this respect, the use of immunoperoxidase techniques on paraffin-embedded tissue samples represents a considerable step forward in the study of the disease because it facilitates the identification of different cell populations and links the presence of viral antigen with cell and tissue lesions. [2][3][4]7 However, monoclonal antibodies (MAbs) have not been used for the detection of ASFVspecific proteins in immunohistologic studies.
African swine fever (ASF) is caused by a DNA virus that targets cells of the mononuclear phagocyte system (MPS). 5, 6, 9 ASF virus (ASFV) antigens have been detected in tissue sections using purified polyclonal sera from hyperimmune pigs by immunofluorescence 9 or immunoperoxidase 2-4,7 techniques. These investigations have been performed to study the pathogenesis of the disease. In this respect, the use of immunoperoxidase techniques on paraffin-embedded tissue samples represents a considerable step forward in the study of the disease because it facilitates the identification of different cell populations and links the presence of viral antigen with cell and tissue lesions. [2] [3] [4] 7 However, monoclonal antibodies (MAbs) have not been used for the detection of ASFVspecific proteins in immunohistologic studies.
The purpose of the present investigation was to study the distribution of ASFV protein VP73 in tissue sections of different organs from pigs experimentally infected with the moderately virulent ASFV isolate E75 and in naturally infected pigs with characteristic lesions of acute, subacute, and chronic ASF by both avidin-biotin-peroxidase and alkaline phosphatase-conjugated biotin-streptavidin immunohistochemical techniques using an MAb. VP73 distribution was also studied in asymptomatic seropositive pigs.
Three 3-month-old miniature pigs weighing 12 kg each and free from parasitic and infectious diseases at the beginning of the study were inoculated intramuscularly with 10 5 50% hemadsorbing doses of the moderately virulent and hemadsorbent ASFV E75 isolate. a Two miniature pigs were used as negative controls. Test animals were euthanized by exsanguination after azaperone and thiobarbital treatment at 10 and 12 days postinoculation (dpi). One of the pigs scheduled for euthanasia at 8 dpi was found dead at 7 dpi. In addition, 27 naturally infected Iberian pigs from southwestern Spain that had anti-ASFV antibodies detected in serum by an indirect enzyme-linked immunosorbent assay ELISA were also used. These pigs were euthanized by the Agricultural Ministry of Spain and the Junta of Andalucia between 1985 and 1991. Six Large White × Landrace pigs, which served as controls in a previous experience, 2 were employed as negative controls in this study.
Tissue samples were fixed in 10% phosphate-buffered formalin, embedded in paraffin wax, and stained with hematoxylin and eosin. For the immunohistochemical analysis, 3-µm-thick tissue sections were predigested with protease from Streptomyces griseus (Pronase) b diluted 0.1% in phosphate-buffered saline (PBS) for 10 minutes at room temperature. An elution technique reported previously 2,10 was applied to some tissue sections. An MAb raised against virus protein VP73 (18BG3) c diluted 1:10 in PBS was incubated overnight at 4 C. For the avidin-biotin-peroxidase complex (ABC) technique, a biotinylated goat anti-mouse IgG antibody d diluted 1:20 in PBS was applied for 30 minutes at room temperature. The ABC and chromogen (3-3' diaminobenzidine tetrahydrochloride b ) were used as reported previously. 2 For the alkaline phosphatase-conjugated biotinstreptavidin (B-SA) technique, a biotinylated goat anti-mouse IgG antibody f diluted 1:20 in PBS was applied for 30 minutes at room temperature, and the alkaline phosphatase-conjugated streptavidin reagentg diluted 1:25 in PBS was applied for 1 hour at room temperature. The reaction was developed with fast red f diluted in Tris buffer containing naphthol f for 5-10 minutes at room temperature.
An anti-keratin monoclonal antibody h was used as a marker of epithelial cells in tonsil samples using the ABC method. Serial sections were incubated with both the anti-VP73 MAb and the anti-keratin MAb, diluted 1:20 in PBS, as described above. Standard negative controls for immunohistochemical studies were run along with test slides with both the anti-VP73 MAb and the anti-keratin MAb.
In ASFV E75 isolate-infected pigs, the histopathologic examination of spleen, lymph nodes (gastrohepatic, mediastinal, renal, and mandibular), tonsils, liver, lung, and kidney revealed hyperemia and congestion in splenic red pulp and in perifollicular areas of lymph nodes. Congestion was scarce at 10 dpi, moderate at 12 dpi, and severe at 7 dpi. MPS degeneration (cytophatic effect), characterized by peripheral margination of chromatin, pyknosis, and/or karyorrhexis, was moderate at 10 dpi, severe at 12 dpi, and very intense at 7 dpi. The pig euthanized at 10 dpi showed evidence of a proliferative phenomena characterized by hyperplasia of immature lymphoid cells with frequent mitoses in all lymphoid organs. At 7 dpi, occasional hepatocytes showed manifest degeneration (peripheral margination of chromatin, pyknosis, and karyorrhexis). Cellular infiltrates observed in the portal and interlobular spaces of the liver, in alveolar septa, and in the renal interstitium consisted of macrophages, lymphocytes, eosinophils, and neutrophils. These infiltrates were moderate at 10 dpi and abundant at 7 and 12 dpi. In the renal cortex and medulla, focal hemorrhages associated with necrosis of adjacent renal parenchyma were observed at 7 and 10 dpi. Hemadsorption was seen in infected macrophages/monocytes of all organs throughout the course of the infection.
In naturally infected pigs, typical histopathologic lesions of acute and subacute ASF, characterized by severe conges- Table 1 . Immunoreactivity* to the VP73 MAb in tissues of ASFV-E75 experimentally infected miniature pigs with and without the elution treatment (ET). * -= negative; + = scarce; + + = moderate; ND = not done. † Group I = pigs with acute and subacute ASF; Group II = pigs with chronic and inapparent ASF.
‡ Immunoreactivity in macrophages and neutrophils. § Immunoreactivity in macrophages, neutrophils, and epithelial cells. tive-hemorrhagic alterations in spleen and lymph nodes, were observed in 11 animals (group I). MPS cells and isolated hepatocytes had undergone considerable morphologic alteration (peripheral margination of chromatin, pyknosis, and/ or karyorrhexis). In addition, 16 naturally infected pigs (group II) showed gross lesions of chronic ASF or had no apparent gross or microscopic changes. The more common ASF lesions were, in order, edematous plaques and necrotic ulcers in the skin and, in some cases, the tongue and tonsils; areas of consolidation in some pulmonary lobules and necrotic pneumonia (located mainly in cranial lobules); and generalized lymphadenopathy with either moderate hyperemia of the red pulp in the spleen and the medular and interfollicular areas of the lymph nodes or a proliferative phenomena, characterized by hyperplasia of MPS cells and numerous immature lymphoid cells. Swollen joints and arthritis were also observed in some pigs.
Immunoreactivity to the VP73 MAb, which showed a diffuse or inclusion body-like pattern, is summarized in Table   1 for experimentally infected pigs and Table 2 for naturally infected pigs. The two immunohistochemical techniques employed (ABC and B-SA) yielded similar results, but the B-SA technique was more sensitive than the ABC technique, because it reacted with a higher number of cells in tissue samples from naturally infected pigs. In addition, specific reactivity (red) was easily distinguished from hemosiderin pigment (brown). When the elution technique was used for the detection of immunoglobulin-bound viral antigen, the immunoreaction with the VP73 MAb was higher than in sections without elution with either ABC or B-SA techniques, particularly at 10 and 12 dpi (Fig. 1A, 1B ) and in naturally infected pigs of group II.
Immunoreactivity to the VP73 MAb was mainly located in the cytoplasm of the MPS cells, both in experimentally and naturally infected pigs (Fig. 2) . However, in all experi- mental animals ( Fig. 3) and in 2 naturally infected pigs (group I), some neutrophils had diffuse immunoreactivity in the cytoplasm. At 7 and 12 dpi, isolated hepatocytes showed cytopathic effect and immunoreactivity in a diffuse and/or inclusion body-like pattern (Fig. 4) . At 7 and 12 dpi in 1 naturally infected pig, immunoreactivity to the VP73 MAb was detected in epithelium-like cells located in tonsillar crypts (Fig. 5) . These cells were immunoreactive with an MAb di- rected against cytokeratins, as demonstrated in serial tissue sections (Fig. 6 ).
Tissue samples from experimentally infected pigs showed an intense and specific immunoreactivity to the VP73 MAb. Background staining was negligible, even when high antibody concentrations were used to detect small amounts of viral antigen. This result represents a substantial improvement on the results obtained using polyclonal sera on glutaraldehydefixed tissue samples 2 and confirms that glutaraldehyde is more prone than formaldehyde to produce crossing-over of pro-(arrow) of the splenic red pulp of an experimentally infected pig (12 Figure 5 . Immunoreactivity to the anti-ASFV VP73 MAb in dpi). Insert: Higher magnification of the immunoreactive neutrophil. some cells located within the epithelium of tonsillar crypts and in Alkaline phosphatase-conjugated biotin-streptavidin technique with some cells debris located in the lumina of the crypts in an experielution treatment.
mentally infected pig (7 dpi). ABC technique with elution treatment.
Figure 6.
Tissue reaction parallel to that shown in Fig. 3 , showing diffuse immunoreactivity to the cytokeratin MAb in the epithelium of tonsillar crypts of an experimentally infected pig (7 dpi). ABC technique.
teins and antigenic masking. The 18BG3 MAb has some other advantages over its polyclonal counterparts because it obviates the need for handling hyperimmune sera from viremic pigs, for purification of gammaglobulins, and for biotinylation of gammaglobulins, whose use in indirect techniques produces undesirable reactions with swine serum and tissue immunoglobulins. 2 Serum anti-ASFV immunoglobulins (IgM and IgG) have been reported at 4 and 6 dpi, respectively, 6,12 giving rise to viremic seropositive pigs and to hypergammaglobulinemia in chronic ASF. Immunoglobulins have also been detected in tissues of ASFV-infected pigs. 4 In such cases, these antibodies may mask viral antigens, giving rise to false-negative results when immunocytochemical techniques are used. 4, 6, 11 To overcome this drawback, we used the elution technique previously employed in the detection of viral antigen masked by immunoglobulins in Aleutian mink disease 10 and in ASF, 2 obtaining a significant increase in the intensity of the immunoreactivity with the VP73 MAb in both experimentally and naturally infected pigs. The results of the present study thus confirm. the masking of viral antigens by immunoglobulins. This phenomenon is particularly striking in those animals in which the course of the disease is longer (subacute, chronic, and asymptomatic seropositive), although immunoglobulins were also detected during early stages of infection in animals that subsequently died of acute ASF. 2, 12 The distribution of ASFV protein VP73 was similar to that reported for viral antigens detected by immunofluorescence 6,9 and immunoperoxidase 2-4,7 techniques. Thus, VP73 protein was mainly detected in MPS cells of all organs studied, both in naturally and experimentally infected animals. The infection of non-MPS cells has been associated with the virulence of the ASFV strain used. Thus, in the final stages of the disease, moderate to highly virulent isolates infect hepatocytes 3, 9, 13 and endothelial cells. 3, 14 These findings broadly agree with the results obtained here for pigs experimentally infected with ASFV E75 isolate; VP73 was detected in hepatocytes, tonsillar crypt epithelial cells, renal interstitial capillary endothelial cells, and neutrophils. In the early stages of infection, the lysis of MPS cells by highly virulent isolates may mediate the capacity of the virus to infect non-MPS cells in the later stages of infection. 5 This hypothesis is supported by the fact that in the present study the greatest alterations of macrophages were recorded at 7 and 12 dpi and these animals also showed the most intense immunoreactivity in non-MPS cells, whereas virtually no infection was observed in these cells in the pig euthanized at 10 dpi.
At 7 and 12 dpi and in 1 pig with natural infection (group I), a homogeneous and in some cases inclusion body-like cytoplasmic immunoreactivity was observed in tonsillar crypt epithelial cells. These cells were identified as epithelial by their reaction with a keratin intermediate filament protein MAb. 8 ASFV infection of tonsillar epithelial cells has not been reported in the literature, although it coincides with the detection of ASFV antigen in a small number of renal collecting duct and hepatic bile duct epithelial cells. 2,3 These findings suggest that the epithelial cells of a number of organs are susceptible to ASFV infection.
Viral antigens have been detected by immunoperoxidase techniques in a small number of neutrophils,' and electron microscopic examination has also revealed viral replication in neutrophils in in vitro studies. 1 In the present study, a diffuse immunoreactivity was observed in the cytoplasm of neutrophils in the 3 experimentally infected pigs and in 2 naturally infected animals with acute ASF. This response may reflect the phagocytosis of viral antigens along with cell debris 3 or it may be evidence of infection and viral replication, which has been observed in pigs infected with the highly virulent Malawi '83 ASFV isolate by transmission electron microscopy (L. Carrasco, personal communication).
The infection of endothelial cells, the massive destruction of macrophages, and the subsequent release of proteolytic enzymes contribute to the heavy hemorrhagic lesions reported in cases of acute and subacute ASF. 5, 14 In the pig found dead at 7 dpi and in the pig euthanized at 12 dpi, a small number of renal interstitial capillary endothelial cells showed a diffuse cytoplasmic immunoreactivity, which could be attributed to viral replication. Replication of ASFV in these cells has been previously observed ultrastructurally in renal interstitial capillaries. 14 The amount of viral antigen detected in pigs with chronic and nonapparent ASF was very small. This may be due, at least in part, to the masking of viral antigens by anti-ASFV antibodies. 4, 11 Although elution improves the sensitivity of both ABC and B-SA immunohistochemical techniques, it is necessary to study large numbers of tissue sections from each lymphoid organ to detect low amounts of antigens. In spite of this fact, VP73 was not detected in 5 asymptomatic seropositive pigs.
Anti-ASFV protein VP73 MAb is an excellent tool for the analysis of distribution of this virus protein in routinely processed tissue sections using both the ABC and the BSA methods. The alkaline phosphatase-conjugated biotin-streptavidin technique is the most appropriate way to detect low amounts of antigens in natural infection, and the elution technique with any of the immunohistochemical techniques reveals virus antigens bound to immunoglobulins. Given the morphologic quality of the histologic sections, these techniques may be of value in providing new information regarding the pathogenesis of African swine fever, particularly with respect to the interaction of the virus with different cell populations. Moreover, the possibility of using routinely processed tissue samples is an additional advantage for the diagnosis of natural infections, although conclusive evidence can only be obtained by examining a large number of sections from several organs.
